Multinuclear spin-lattice relaxation rates and self-diffusion coefficient measurements are reported over wide ranges of temperature, pressure, and concentration in undercooled aqueous solutions of tetramethylammonium bromide. These dissolved organic cations with apolar surface groups provide model systems to investigate the effect of Coulombic, hydrophobic, and H-bond interactions upon the solvent and solute dynamics within the random, transient H-bond networkof the water. Also reported for the first time areneutron diffraction difference experiments in these undercooled solutions to investigate how changes in dynamic disorder are related to changes in the average static structure of the hydration water as temperature is decreased. A substantial sharpening of the orientational order between water molecules is observed in the undercooled state.
Introduction
The structure and the dynamic properties of a great number of aqueous solutions of atomic ions have been studied thoroughly both with neutron diffraction1 and nuclear magnetic relaxation2 techniques. Aqueous solutions with dissolved organic ions with apolar surface groups like symmetric tetraalkylammonium (R4N+) ions are less well investigated. Despite many thermodynamic data, only very few investigations of the molecular dynamics in these systems exist3v4 and direct structural studies were reported only re~ently. ~+6 Aqueous solutions of R4N+ ions allow the competing influence of the Coulomb effect of the charge density and the hydrophobic effect of the apolar surface on the dynamic structure of the H-bond network of water to be studied. Though the concept of hydrophobic hydration is widely used in chemistry and biology to describe the reduction in entropy upon solvation of apolar solutes in water, its molecular basis is not well understood yet. Thermodynamic, spectro~copic,3~~ and computer simulation738 results suggest that the solvation of apolar groups (hydrophobic hydration) increases the amount of order in the random, transient H-bond network of the coordinated water molecules and reduces their mobility. The hydration structures involved may resemble clathrate-like cages which would be favored by the network organization of liquid water.g Further insight into the dynamic structure may be obtained in undercooled aqueous R4N+ solutions. Because of reduced thermal excitations hydrophobic hydration structures would become more stable and long-lived and hence would cause a strong slowing down of all molecular motions of all constituents. A recent report'" of the deuterium (2H) spin-lattice relaxation rates (SLR) R1 and self-diffusion coefficients D, witnessed at ambient temperatures a slowing down of orientational and translational motions of hydration water molecules due to the interaction with the apolar surface and facilitated motions at low temperatures in the undercooled phase of aqueous tetramethylammonium bromide (Me4NBr) solutions. These data will be supplemented in this study by proton (1H) and carbon-1 3 (13C) relaxation rate measurements providing insight into the overall and internal dynamics of the dissolved ions.
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These dynamical characteristics need to be confronted with direct structural information concerning the hydration shell around these apolar solutes. The latter is provided by partial pair correlation functions g&) as deduced from neutron diffraction experiments with isotope substitution (NDIS). The hydrogen-hydrogen correlation function gHH(r) for the water in relatively concentrated aqueous solutions gives information on changes in the water structure caused by the presence of the solute relative to the structure in pure water. Previous measurements of the HH-pair correlation function for water in tetramethylammonium chloride, Me4NC1, at room temperature showed no appreciable change compared to pure water over a range of solute concentrations5~6despite the fact that NMR measurements demonstrate an increased slowing down of the solvent mobility with increasing solute concentration at ambient temperatures. At low temperatures changes in the hydration water dynamics occur with facilitated molecular motions in the solutions compared to pure water in the deeply undercooled state.
Motivated by these complex changes in the dynamics of the hydration water in undercooled solutions as revealed by our recent NMR experiments,IO we report in this study for the first time neutron diffraction experiments with H / D substitution in the water in undercooled aqueous TMABr solutions. The neutron diffraction results presented in this work are a first step of an investigation into whether such changes in dynamic disorder are related to changes in the average static structure of the water in solutions of tetraalkylammonium ions as temperature is decreased.
Experiment
NMR Experiments. Tetramethylammonium bromide (MedNBr) was purchased from Aldrich Chemicals (Steinheim, FRG) and heavy water (DzO, 99.8 at. ' 36) was obtained from Merck (Darmstadt, FRG). The salt was dried on a vacuum line for 24 h, and the solutions were prepared by weighing the proper amount of salt to 3 mL of heavy water. Afterwards the solutions were degassed on a vacuum line by at least five freeze-pumpthaw cycles and then filled into the high-pressure glass capillary as described elsewhere.11JZ To reach high degrees of undercooling, emulsions had to be used, however. As supporting alkane phase, deuterated methylcyclohexane (MCH-dl4, Riedel-de Haen, Seelze, FRG) and a small amount of the surfactant sorbitane tristearate (Span 65, Merck) were used. Emulsions were then produced under an argon atmosphere in a glovebag (AtmosBag, Aldrich Chemicals) by pressing the alkane/surfactant/aqueous solution mixture through a stainless steel net (Sp6rl & Co., Sigmaringendorf, FRG) within a syringe. Afterwards the emulsion was filled into the high-pressure capillaries on the vacuum line. All experiments were performed on a Bruker MSL 300 multipurposesolid-liquid NMR spectrometer equipped with a variable temperature unit VT 100 and a pulsed magnetic field gradient unit BZ 18B. The probes for the SLR measurements consisted of home-built 10-mm probe heads with an external zH lock suitable for operation in the ranges 280-300 MHz for IH and 70-80 MHz for 'IC nuclei, respectively. An additional radio frequency coil (rf-coil) tuned to 300 MHz in the latter probe head served the needs for broad-band decoupling experiments. TheSLR times TI weredetermined withnonselectivepulses with the inversion-recovery pulse sequence with alternating phases. Data were then analyzed with a three parameter nonlinear least squares regression program. The relaxation times areconsidered reliable to within *IO%.
The temperature was varied with a flow of cold nitrogen gas appropriately heated and regulated by the VT 100 unit. It was measured at the center of the rf-coil with a chromel-alumel thermocouple(Philips, Kassel, FRG) beforeand after each series of inversion-recovery experiments. The temperatures are reliable to *I K. The pressure was generated with a home-built highpressureapparatus suitable for operationup to400 MPaand was measured with a Bourdon gauge (Heise, Connecticut) with a precision of f0.5 MPa.
NDIS Experiments. Diffraction measurements were made on three samples of deuterated Me4NBr at a concentration of 1:27 water molecules (2 m ) corresponding to approximately one independent water layer around each cation. The deuterated salt (98% D) waspurchasedby IC Chemikalien (Ismaning, FRG), driedundervacuumfor 24 h,andused without further purification.
The three solutions were made up in (a) D20, (h) H20, and (c) a null mixture of 0.64 mole fraction H 2 0 and 0.36 mole fraction D2O for which the coherent scattering of the protons and deuterons cancels. The measurements were made at room temperature and at 258 K using the standard closed cycle refrigerator (CCR) available at ISIS. To avoid crystallization, the solutions had to be filled into precision-made quartz capillaries (Westdeutsche Quartzschmelze, Geesthacht, FRG) with an 0.d. of 1 mm and an i.d.of0.7mm. Thesolutionswerefirstdegasscd byseveralfreem pumpthaw cycles on a vacuum line and then filled into the evacuated capillaries. The latter were sealed on one end and immersed into the solution after evacuation. The solution was then forced into the capillaries by applying argon gas pressure onto the liquid surface within the filling device on the vacuum line. The capillaries were then removed and flame-sealed. Afterwardstheirvacuumtightness wastestedfor 24honavacuum line. Furthermore they had to he tested for their supercooling ability by immersing the capillaries in a heat bath into liquid ethanol, the temperature of which was regulated to 258 i 1 K for 48 h at least. The freezing of the capillaries was checked under a microscope.
Thecapillaries were then placedin rowsintoaspxially designed sample holder (see Figure 1 ) which consistedofa mounting device and a removable frame, both made of copper to ensure a good thermal contact between the CCR and the quartz capillaries. The latter were inserted from top into narrow bores in the upper and lower part of the Cu-frame. A movable grid with exactly the same holes in exactly corresponding positions helped to fix the quartz tubes in their exact position within the beam. One row (30 holes with diameter d = 1.2 mm and a center-center distance of 1.3 mm) was used for the hydrogeneous samples and two rows for the DIO sample. The row of capillaries spanned the beam width and was treated in the analysisas flat plategeometry. During the measurements at 258 K possible crystallization was The differential scattering cross-section per atom, Xr(Q,28), was then calculated for each group of detectors from the corrected diffraction intensity by reference to the scattering from the vanadium slab. The single atom scattering was then subtracted from the differential scattering cross-section, as is described in detailinref6, toohtain theinterferencefunction for eachdetector group. The data from each group were then combined to form a single interference function F(Q). 
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Theseresults havebeenreportedrecentlyloinconnection with similar experiments on related undercooled aqueous tetraalkylammonium halide solutions, and a thorough discussion of the solvent dynamics in these solutions has been given.
According to published hydration number estimates,'s a 2 m solution corresponds to a composition (1:25) where all water molecules aredirectlymdinated to thedissolved MenN+ cations. Their diffusion coefficient may be considered to represent the dynamics of the hydration water molecules. Deuterium SLR times (Tl(*H)) monitorreonentationalmotionsofwatermolecules which in the fast motions regime (or < I ) are proportional to their average rotational diffusion coefficient, i.e. Tl('H) D,. The relaxation times exhibit an isobaric temperature dependence which is neither observed in the case of strongly hydrating (i.e. Li+) nor weakly hydrating (Le. Cs+) atomic ions, as is demonstratedinFigure2awhichcompamthe TI('H)ofwatermolecules directlymrdinated to Li+,Cs+, and (CHI)~N+ with therelaxation in pure D Z O .~ It is seen that if the H-bond network is strongly perturbed because of thermal excitations, these large apolar ions reduce the average mobility of the water molecules. At low temperatures, however, H-bond interactions in the random, transient H-bond network of pure water slow down reorientational fluctuations stronger than ion-water interactions. Accordingly, the apolar surface of the dissolved ions distorts water-water interactions and the average mobility of the hydration water molecules is enhanced compared to pure water. This behavior is even observed in solutions under high pressure, which strongly perturbs H-bond interactions, too. There strongly hydrating atomic ions with a high charge density reduce the water mobility at all temperatures and weakly hydrating ions with a small charge density always increase thelatter. Therefore, as the chargedensity is even smaller in Me4N+ ions, the reduced solvent mobility observed at ambient temperatures can result only from increased H-bond interactions between the hydration water molecules, which are induced by the apolar surface. The latter is supposed to impose an orientational bias whereby the adjacent water molecules orient themselves in a way so as to maximize their H-bonding interactions. If, however, Me4N+ ions were to induce clathratelike transient structures which are believed to provide dominant structural features in the H-bond network of undercooled water? then a continued further reduction of the average mobility down to the lowest temperatures might be expected. This has not been observed, however, and indicates the subtle balance between Coulombic, hydrophobic hydration, and H-bond interactions in these solutions.
Self-Diffusion Coefficients. Similar conclusions can be drawn from the temperature dependence of the self-diffusion coefficient D, of the hydration water molecules, as shown in Figure 2b . Compared to the translational mobility of water molecules in the random, transient H-bond networkof pure water, hydration water molecules show a reduced mobility at high temperatures, corroborating earlier room temperature datai5-17 but facilitated diffusion in the undercooled phase. Again the latter result would not have been expected if hydration water molecules would be organized into transient clathrate-like structures with strengthened H-bonds around the apolar surface of the Me4N+ cations. Indeed dissolved organic cations with larger apolar surface groups, like (C,H7)4N+ and (C4H9)4N+, reduce the translational mobility of the respective hydration water molecules considerably, as is seen in Figure 2b .
In this respect it is also noteworthy that thediffusion coefficient of the hydration water molecules is larger than the diffusion coefficient of the Me4N+ ions. This implies that the lifetime T~~ of a water molecule in the hydration shell of these apolar cations Both observations corroborate the conclusions drawn from the interpretation of the rotational dynamics in that characteristics of electrostatic hydration and hydrophobic hydration are largely balanced and that the hydration water dynamics depend strongly on the state of the H-bond network.
Nitrogen-14 Spin-Lattice Relaxation Rates. Nitrogen-14 spinlattice relaxation times of the dissolved Me4N+ ions probe fluctuations of the electric field gradient (efg) at the central 14N nucleus due to symmetry fluctuations of the hydration shell and molecular motions of the constituent water molecules and dissolved ions. According to the electrostatic theory of quadrupolar relaxation,l* the relaxation rate is given by (14N: I = 1) with m the electric dipole moment of the water, c, and cj the solvent and solute concentrations, r, and aj the distances of closest approach of a water molecule and another ion, respectively, T,,,, the rotational correlation time of the coordinated water molecules, T~J the transitional correlation time of anions or cations, 7. . the Sternheimer antishielding factor, and P a polarization factor. Hence, the T1(I4N) of the Me4N+ cations should be proportional to the rotational diffusion coefficient D, = 1 / T~, , , , respectively, the T1(2H), of the hydration water molecules, and the ionic self-
The latter could not be measured for the bromide anions; hence a quantitative evaluation cannot be given. A qualitative comparison of the temperature dependence of the nitrogen-14 and the deuterium relaxation times of the organic ions and the DzO molecules in the undercooled aqueous solutions of Me4NBr (2 m), Pr4NBr (1.4 m), and BudNBr (1.2 m) is made in Figure 3a . Both relaxation times show a parallel temperature dependence in the systems Pr4N+-D20 and Bu4N+-D20, suggesting that the orientational fluctuations of the hydration water dipoles dominate the relaxation of the I4N spins in these solutions. The situation is more complex, however, in the Me4N+-D20solutions, as isevident from Figure 3b . Neither the reorientation of the hydration water dipoles nor their translational diffusion or one of the other cations really dominates the relaxation of the 14N nuclei of the cations. This is a further indication of the complicated solvent dynamics prevailing in these solutions due to the variety of forces embodied including hydrogen bonding and electrostatic and hydrophobic interactions.
Proton and Carbon-13 Spin-Lattice Relaxation Rates. Further insight into the dynamics of the dissolved cations may be obtained from IH and 13C spin-lattice relaxation rates. They have been 
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Proton spin-lattice relaxation rates may be decomposed into a sum of intra-and intermolecular contributions. The intermolecular contribution R I ,~ is mainly due to dipolar interactions with protons on other cations as the solvent is fully deuterated. This interaction is modulated by relative translational motions of the hydrated cations, and slow motions render this relaxation path of minor importance, however. It may be calculated within a diffusion model with reflecting boundary conditions at the distance of closest approach d~~.11J2 Any structure in the radial pair distribution function gHH(r) was neglected, however. The number density of the protons can be calculated from the experimental mass density, which has been determined for a few temperatures with a mechanical oscillator technique22 and is tabulated in Table 1 . The contribution of R I ,~ to the total proton relaxation rate RI(lH) is small in all cases c o n~i d e r e d .~~ The latter is dominated by the intramolecular contribution Rl,or which is related to the dipolar coupling of all protons located on the same molecule. These interactions fluctuate due to the overall tumbling of the whole cation as well as the local anisotropic methyl group reorientation. The corresponding relaxation rate between a nuclear spin I and spins I' is given in general by19 and the appropriate spectral density functions are given by eq 5 with RHH~ replacing RCH. Within a rigid molecule approximation24 the corresponding intramolecular internuclear distances R H H~ are given in Table 2 . The possibly small effect of a variation of the intermethyl group interactions due to methyl group reorientations has been neglected in this summation of thedipolar interactions. Anyhow, due to the R6 dependence on internuclear separation, the dipolar coupling within any given methyl group dominates the intramolecular proton relaxation, hence the total proton relaxation rate Rl(lH) also.
Correlation Times. Given the order parameter S2 and the relevant internuclear distances Rls, the main objective remains the determination of the correlation times T+,,,~ and 7int and their dependenceon the external variables (T,p,c) from a simultaneous fit to the proton and carbon-13 relaxation rates. According to hydrodynamic theory the overall tumbling correlation times T + ,~, of the large and nearly spherical cations may be related to the ionic self-diffusion coefficient via the DebyeStokes-Einstein relationZS yielding with C = 6 or 4 a parameter characterizing stick or slip boundary conditions on the surface of the apolar solute, &ff an effective hydrodynamic radius approximating the ion as a spherical particle, and D+ the experimental self-diffusion coefficient of the cations.
The isobaric temperature dependence of the latter can be reproduced welllo with a modified Arrhenius equation
with To a concentration and pressure dependent kinetic localization temperature, often called the ideal glass transition temperature. The latter has been determined from a consistent description of deuterium relaxation rates R I (~H ) and self-diffusion coefficients D, in these systems. The corresponding parameters in eq 11 have been tabulated in ref 10 and will not be repeated here. Inserting the radius of the cations, Le. assuming Refi = R+ = 0.347 nm, into eq 10 gives corresponding relaxation rates which are too large by a factor of 3, roughly whatever the value of the correlation time Tint of the internal mode. On the other hand, if one ignores the theoretical order parameter SZ(lH) = 0.25 for a moment and assumes that the fast methyl group reorientation provides the main relaxation path, Le. set S2(lH) = 0, then the calculated relaxation rate curve fits thedata at high temperatures but deviates strongly toward smaller relaxation rates at low temperatures with a calculated relaxation rate maximum which is smaller than the experimental relaxation rate at the lowest temperatures measured. Thereby the reasonable assumption has been made, that the thermally activated internal methyl group reorientation exhibits an Arrhenius temperature dependence with an apparent activation energy E, = 1450 K and a preexponential factor corresponding to a typical librational frequency, i.e. 710 = 1 X 10-14 5. 26 The value of the energy barrier E, 12 kJ/mol, as obtained from the fit, is within the range of barriers 12 kJ/mol 5 E, I 15 kJ/mol reported in the literature in case of internal methyl group reorientation^.^^ As a consequence the isobaric temperature dependence of the proton and carbon-13 relaxation rates is, in the range of temperatures studied, largely dominated by the overall tumbling motion of the cations. Accounting for the non-Arrhenius temperature dependence of the experimental relaxation time curves TI ( T,p,c) , T+,~,( T,p,c) has been represented by with To taken from ref 10 and T~ and B+,,,(p,c) adjusted simultaneously in a nonlinear least squares fit to the experimental proton and carbon-13 relaxation data. Note that only the slope with 7i0 = 5 fs and E, = 1400 K chosen in accord with the results discussed above. If one calculates both correlation times at any given set of externalvariables it turns out that theoverall tumbling mode is always at least an order of magnitude slower than the internal mode. This implies that T = Tint in eq 5 to good approximation. Given the geometric weight (SZ) on both motional modes entering the spectral density function, the methyl group reorientation does not contribute much to the relaxation of the protons and both modes contribute about aqually to the relaxation of the carbon-13 nuclei in the region of the phase space investigated. As a result the parameters q0 and E, cannot be determined very reliably and were therefore kept constant throughout. The values of these parameters should not be taken too serious as long as there are no data at much lower temperatures as an infinite set of pairs (q0,Ea) would give similar results because of their strong correlation. However, the data are sensitive to the absolute magnitude of the correlation times rOr and Tint within the given motional model. Hence the general conclusions are valid irrespective of the set of parameters which solve the fitting exercise. It is noteworthy, then, that thecorrelation times Tint for the internal methyl group reorientation turn out to be rather short (rint(298K) C 1 ps) compared to a typical value of 5 ps appropriate to methyl groups attached to long alkyl chains and exposed to a typical liquid alkane en~ironment.~' This seems to support the finding from recent computer simulations28 that the Me4N+ ion is surrounded by a rather substantial cavity formed by the nearest neighbor water molecules. Whether or not the aqueous matrix around the apolar surface of the Me4N+ cations allows for a less hindered methyl group reorientation remains an open question that will be considered further in a forthcoming paper29 on the molecular dynamics of the higher homologues of these symmetric tetraalkylammonium ions. All model parameters are compiled in Table 3 , and the calculated relaxation times are shown as full lines drawn through the data in Figure 4a -c. Also shown are the proton relaxation times of the solvent HDO molecules in the 5%/95% D20/Hz0 mixture. The relaxation of the related proton spin system is mediated almost exclusively by dipolar interactions with the methyl protons of the dissolved cations. Both relaxation time curves approach each other indicating, as is indeed observed with the higher homologues Et4N+, Pr4N+, and Bu4N+ as that at very low temperatures cross-relaxation between the hydration water protons and the methyl protons on the apolar surface of the solutes may dominate. This is illustrated in Figure 5 , which compares of several partial structure factors whereby x 20mTMABr 12 m TBuABr la' 22 1 26 30 3 4 38 4 2 6 6 -103/T 1K-l) Figure 5 . Comparison of the methyl proton spin-lattice relaxation times of the dissolved cations in undercooled aqueous solutions of Me4N+, Pr4N+ and BUN+ ions.
the proton relaxation times of the methyl groups of the dissolved cations in solutions where all water molecules are nearest neighbors to these cations. It becomes obvious that all relaxation times become almost equal at low temperatures, which may indicate that it is the methyl group reorientation which will provide the most efficient relaxation channel under these conditions. A detailed comparison of the proton and carbon-1 3 relaxation data in these systems will be given in a forthcoming paper.29
NDIS Experiments and Partial Pair Correlation Functions
Diffraction experiments were made on three samples of deuterated Me4NBr. Using isotope substitution neutron difference methods, a technique developed originally with respect to electrolyte solutions by Enderby and co-w0rkers,3~ one can effectively sit on an atom of interest in the aqueous solution and measure a partial pair correlation from this atom to its surroundings. Isotopesubstitutionin the water then provides a means to determine water-water correlations through ~H H and ~H X pair correlation functions essentially, where X represents any nonsubstituted atom in the solution. Considering the system investigated, one can thus obtain direct information on the average structure of the water molecules coordinated to the apolar surface of the dissolved cations.
Data Analysis. The quantity obtained in a diffraction experiment after normalization and correction for multiple scattering and self-scattering is the total structure factor given by6
where ca is the atomic fraction of species 01 and b, is its coherent scattering length. The partial structure factor Sap(Q) of species a and j3 is given by with the atomic number density and gas(r) the partial pair correlation function of the atomic species a and j3. If H / D substitution in the water is used, the total structure factor from one solution is and the three partial structure factors can then be obtained from a minimum of three solutions with contrasting values of bH, the average neutron scattering length of hydrogen in the solution. 31 The SHX and Sxx(Q) functions are actually weighted averages
Sxx(Q)
((2 -~a~)cac8bab~/(cxbx)2)Sa8(Q) (15) bx is the average scattering length of unlabeled atoms in the solution, given by
a,B+H
The partial pair correlation functions gd(r) are Fourier transforms of the corresponding partial structure factors. They were calculated by an iterative fitting routine designed to produce the minimum structure in the result compatible with the input data as described in detail in ref 13 . The goodness of the result was assessed on the basis of a quality factor defined as the weighted sum of (a) the value of the x2 statistics corresponding to the agreement between the trialSap(Q) and thedata and (b) a measure of the noise in the trial g&). An indicator of the systematic error in the data is provided by an integral over the first peak in each of the partial pair correlation functions which corresponds to a known intramolecular distance and coordination number. for purewater at room temperature. This suggests that the water in the 258 K solution may be closer to a fully hydrogen bonded network. The third peak position is the sameat both temperatures (and in pure water at room temperature), although the peak may be somewhat sharper for the 258 K data, again suggesting an increase in order. The related coordination number is the same at both temperatures and amounts to 3.7 f 0.3. This value is considerably lower than that found in room temperature water, where it is 5.5 roughly. If the water in the cold solution has more complete hydrogen bonding, some evidence of long-range correlations would be expected in &&). Although the region from about 4.5 to 6 A does show some structure for the 258 K data, there is not enough significant detail to say that the longer distance region definitely confirms the existence of enhanced hydrogen bonding, which the first and the second neighbor regions seem to indicate.
In pure water the first two peaks in &x(r) correspond to the intramolecular H-0 distance and the first neighbor H-0 hydrogen bond distance. In the solution under investigation the coordination number of the first peak is 1.1 f 0.2 as expected as this peak corresponds to the H-O correlation only. It provides a further reference point indicating the reliability and internal consistency of the necessary corrections in the data treatment. The second peak corresponds closely to the H--0 distance in water but includes also minor contributions from Ha-Br and H-D-(methyl) distances. Although the two correlation functions are very similar within the error bars, there is some indication that the second minimum is deeper and the third peak is sharper in the case of the 258 K data, indicating a reduction in thermal motion or an increase in hydrogen bonding. The observations are in fact similar to trends observed in computer simulations of undercooled liquid water,33,34 amorphous water clusters,35 and aqueous solutions of apolar solutes.32
A possible interpretation of the low-temperature (258 K) results is that the first neighbor structure in the hydration water is close to the ideal hydrogen bonded case, with four neighbors up to a distance of 0.230 nm and one neighbor at around 0.300 nm. Since the sharpness of the peaks in the HH-correlation function is a direct measure of the degree of orientational correlations between neighboring water molecules, the narrower first peak at low temperature seen here suggests that below ambient temperatures the orientational correlation between molecules becomes strongly dependent on temperature. By contrast the same peak in the room temperature result is broader and the minimum is at a higher value of r, indicating greater structural disorder. The structure between 0.300 and 0.600 nm is also significantly sharper, suggesting less disorder in the H-bond network. The low coordination number of about 4 compared to about 5 in pure water at room temperature shows that the number of nearest neighbors is reduced in the hydration shell of the apolar solute relative to the H-bond network of pure water. This effect has been found also in Me4NCl solutions at room t e m p e r a t~r e .~~.~~
On the other hand the hydrogen bonding geometry of pure water is essentially retained as far as the first and second neighbors are concerned. There seems to be no indication for any longer range ordering in the hydration water induced by the apolar surface despite the significantly enhanced structural features observed in the undercooled phase. As no partial pair correlation functions g,&) of pure undercooled water are available in the literature, any direct comparison with the present gHH(r) must await their experimental determination.
Conclusions
Multinuclear spin-lattice relaxation rates and self-diffusion coefficients of both solvent and solute molecules have been reported over large ranges of temperature, pressure, and concentration in undercooled aqueous solutions of Me4N+ ions. The distortion of the random, transient H-bond network of liquid water by the dissolved cations was shown to lead to complex changes of the dynamics of the solvent molecules coordinated to the apolar ions. Because of a subtle balance of Coulombic, hydrophobic hydration, and H-bond interactions, the changes in solvent mobility relative to pure water, i.e. retardation at high temperatures but facilitation at low temperatures of both rotational and translational motions, depend strongly on the state of the H-bond network of the water of hydration. These dynamical features are incompatible with a frequently suggested clathrate-like organization of the water molecules for which the term hydrophobic hydration has been coined in the literature. The translational mobility of the cations corroborates this conclusion in that it reveals a highly transient and short-lived hydration cage even in the undercooled phase. Their overall tumbling motion is also faster than that predicted by simple hydrodynamic theory. The rather fast internal methyl group reorientation supports the finding from computer simulations that dissolved Me4N+ ions are surrounded by a substantial cavity formed by the coordinated water molecules. Hence sterical hindrance of the methyl group reorientation by the solvent molecules may not be expected. This remains valid in the undercooled phase also, as the proton relaxation times of the solvent and solute molecules become inreasingly similar at low temperatures, signifying the onset of strong cross-relaxation with the fast methyl group rotation providing a relaxation sink for the whole system. These dynamical features have been confronted with structural information deduced from neutron diffraction difference experiments. Using H / D isotope substitution in the solvent, all water-water correlations have been obtained for the first time in undercooled aqueous solutions of Me4N+ ions. The composition of the solution renders all water molecules nearest neighbors to the cations. Compared to room temperature hydration water, a significant difference in the sharpness and position of the intermolecular peaks in gHH was obtained showing a reduction in disorder and possibly a tendency to a more "ideal" hydrogen bonding geometry. It is interesting in this respect that the positional and orientational correlations within the hydration shell do not seem to be vastly different from the bulk water phase at room temperature, although the N M R data show a considerable difference in the respective dynamic properties. Though the present NDIS data indicate an enhanced order in the transient H-bond network of cold water, a direct comparison with related structural correlations in pure water must await the determination of the corresponding partial structure factors in undercooled water. In summary, measurements in the undercooled phase where thermal distortions are strongly reduced may prove useful in the future to help identify the structural and dynamical characteristics of the so-called hydrophobic hydration of apolar solutes.
